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1. Introduction 
 
Mankind has used the wind as a source of energy for several thousands of years. Together with 
hydro power it was the most utilized energy source for centuries [1]. With the growing development 
of electrical engineering and demand for electricity, by the end of the 19th century the first 
experiments were carried out on usage of windmills for generating electricity. 
Since then the wind power has developed dramatically, especially during last 30 years. In 1999, 
more than 10 000 MW of wind power capacity was installed worldwide. This year was also the  first 
in which the world has installed more new wind power capacity than the nuclear capacity. 
The perspectives for wind energy are very bright: in November 1997 the European Commission 
published a White Paper setting out a Community Strategy and Action Plan for renewable energy. 
The European leaders signed up in March 2007 to a binding EU-wide target to source 20% of their 
energy needs from renewable energy sources, including biomass, hydro, solar and wind power, by 
2020. To meet this objective EU leaders agreed on a new directive on promoting renewable energies, 
which sets individual targets for each member state. In 1999, the United States Department of 
Energy announced the "Wind Powering America" initiative which sets a goal of 80 000 MW of wind 
power by the year 2020 being installed countrywide. Such an amount of wind power corresponds to 
approximately 5% of the U.S. electricity consumption. 
The wind power industry is one of the fastest expanding industries as a result of the rapid growth 
of installed capacity. The wind power over the last 20-30 years has become a competitive technology 
for clean energy production. In the coming years it will provide two digit percentages in many 
countries electricity supply. There is no reason why wind power should not become as important to 
the world's future energy supply as nuclear power is today [2]. The question that has to be asked is 
how wind power will affect the whole electrical grid, in particular the distribution network to which it 
is usually connected to. The role of the distribution network is to the interconnect the generation 
and transmission systems on one side and load centres on the second side. Networks with such an 
arrangement are described as passive networks. However, the integration of renewable energy 
sources into the distribution networks transforms them from being passive to active networks. Many 
papers have been published on this particular topic [3 - 11] and they have shown that generators 
embedded into the distribution networks can significantly affect their operation. The studies have 
shown that embedded generators can increase the fault levels to a degree that makes reinforcement 
mandatory, introduce stability problems and can cause power quality problems. There is a 
requirement for new protection practices in order to provide network protection against abnormal 
operating conditions, like transients and islanding conditions. Nowadays, wind power is a fully 
established branch on the electricity market. When making decisions about new wind turbines 
placement the energy gain is not the only criteria to be considered during the planning phase; cost 
efficiency, the impact on the environment and the impact on the electric grid are some of the most 
important issues. 
Electricity is traded like any other commodity on the market and there are, therefore, standards 
which describe its quality. In the case of electric power they are commonly known as the Power 
Quality standards. Any device connected to the electric grid must fulfill these standards and this is a 
particularly interesting and important issue to be considered in the case of wind power installations, 
since the stochastic nature of wind and standardized parameters of electricity are joined together 
there. 
Power quality relates to factors which describe the variability of the voltage level, as well as the 
distortion of voltage and current waveforms. When it comes to the power quality of wind turbine 
generators only some specific power quality problems are relevant. Many authors have been 
investigating those problems with works concerning the power quality improvement of wind farms 
[12] and power quality and grid connection of wind turbines [13]. According to the time scale of the 
examined phenomena various power quality parameters fall into different categories. Those quality 
parameters for wind turbines examination are standardized  in the standard IEC 61400-21 
“Measurement and assessment of power quality characteristics of grid connected wind turbines”, 
which takes into account different wind turbines power quality phenomena and parameters: voltage 
fluctuations, current harmonics, interharmonics and higher frequency components, response to 
voltage drops, active power, reactive power, grid protection and reconnection time.  
The first part of the thesis contains an introduction into wind turbine construction concepts, such 
as wind turbine design, performance and electrical systems used in wind turbines operating at fixed 
speed and variable speed. This part also includes a discussion of the power quality of wind turbines 
with emphasis on the IEC 61400-21 standard. 
The objective of the second part of the thesis was to study the steady and transient states of 
wind turbine models and to assess in simulation their IEC 61400-21 power quality requirements 
fulfilment. The measurements included voltage and frequency variations, flickers, transients, 
harmonics and interharmonics. The simulations and measurements were performed on three 
different types of wind turbines. 
 
2. Wind turbine system design 
 
The wind has been used to power sailing ships for many centuries. On land, windmills were used 
in Persia as early as 200 B.C. [14]. The Windwheel of Heron of Alexandria marks one of the first 
known instances of wind powering a machine in history [15-16]. However, the first windmills with 
practical purposes were built in Sistan, a region between Afghanistan and Iran, from the 7th century 
A.D. These "Panemone" were vertical axle windmills, which had long vertical driveshaft with 
rectangular blades [17] and they were made of six to twelve sails covered in reed matting or cloth 
material. These windmills were used to grind corn or draw up water and were used in the grist 
milling and sugarcane industries [18]. Windmills first appeared in Europe during the middle ages. The 
first historical records for their use in England date to the 11th century [19]. By the 14th century, 
Dutch windmills were in use to drain areas of the Rhine delta. The first electricity generating wind 
turbine, was a battery charging machine installed in July 1887 by James Blyth [20]. 
A strong interest in usage of wind turbines as renewable energy sources started in the middle of 
1970’s, when concerns about the environmental effects of fossil energy sources usage converged 
with the Organization of the Petroleum Exporting Countries (OPEC) oil embargoes. Over the last four 
decades the evolution of wind power conversion technology has led to development of several 
different configurations of wind turbines, which utilize a wide variety of electric generators. The 
classification of most common electric generator types used in megawatt range wind energy 
conversion systems (WECS) is presented in Figure 1. 
 
Figure 1. The classification of electric generator types used in large wind energy conversion systems [8]. 
Nowadays the direct current generators can usually be found in low-voltage and low-power 
stand alone systems in small scale wind power applications, while the alternating current generators 
today are the most common solution for large scale wind energy conversion systems. The alternating 
current generators are divided in two main groups, depending on their construction and operating 
principle: synchronous generators (SG) and the induction generators (IG). Both synchronous and 
induction generators can be constructed with wounded rotors, which can be feed by slip rings 
through brushes or by a brushless electromagnetic exciter. In the case of non-wounded induction 
generator rotor configurations, the rotor alternating current needs to build up the magnetic flux 
from a different source than the externally fed current. In the case of the induction generators it is 
performed through induction phenomena. The most widely used induction generator of this type is 
the squirrel cage induction generator. If the induction generator rotor is gets wounded, it becomes 
the doubly-fed induction generator (DFIG), being one of the most commonly used generator type in 
wind turbines applications. In case of synchronous generators the rotor magnetic flux can also be 
created by the rotor winding, but in this case also by the usage of permanent magnets mounted on 
the rotor, what gives the permanent magnets synchronous generator (PMSG). Three types of 
permanent magnets synchronous generators can be distinguished, depending on how the magnets 
are mounted on the rotor: surface mounted, inset mounted and interior mounted permanent 
magnets. However, the last type is not used in wind turbines applications and therefore is not 
included in the classification of Figure 1 [21]. 
 
2.1 The turbine performance 
 
The principle of wind turbines power generation is conversion of the air kinetic energy into 
rotating mechanical power of the turbine blades. At this moment in time the most common used 
wind turbine is the horizontal-axis propeller type, having two or three blades mounted on the top of 
a tower. The selection of number of blades of a wind turbine is not an easy design choice. Three 
blade systems cost more than two blade systems, but two blade wind turbines have to operate at 
higher rotational speeds than three blade ones. This way the individual blades of a two bladed wind 
turbine need to be lighter and have bigger stiffness and are therefore more expensive [22]. The basic 
formula for the power of the wind in an area A, perpendicular to the wind blowing direction is given 
by the formula [23]: 
 
where P is the power, ρ is the air density, v is the wind speed and Cp is the power coefficient, which 
describes the fraction of the wind captured by a wind turbine. According to Betz law, the value of the 
power coefficient has a theoretical limit of 59.3% [24].  
Most wind power sites experience high wind speeds only for a few hours per day.  That is 
why some form of power regulation is necessary if a design is supposed be cost-effective. The design 
of wind turbine components is regulated by the need to withstand mechanical loads. There are two 
basic aerodynamical blades designs, which allow to reduce those loads. The wind power can be 
regulated either by stall-regulation - designing the blades to go into an aerodynamic stall above a 
certain wind speed level or by pitch-control - designing the blades as feathered in order to spill the 
unwanted power. An advantage of stall-regulation is a simplified mechanical design of the rotor, 
which allows the blades to be attached rigidly to the turbine hub. Moreover, stall-regulation will not 
permit power excursions from very strong and gusty winds to pass on to the drive train. It also has 
disadvantages, which include: the need for a rotor brake, technical difficulties of aerodynamic blades 
stall design, motor driven start and stronger aerodynamic noise [25].  
 
Figure 2. Power from a pitch-regulated wind turbine. 
 
Figure 2 shows a steady wind speed - power curve, which reflects the regulated power 
achievable from the wind turbine. At very low wind speeds the generated power is too low to be 
utilized. At typical designs the wind turbines are started when the wind speed exceeds 3-4 m/s, what 
is denoted as the cut-in wind speed. The wind turbine is started at the cut-in wind speed and its 
power increases with the 3rd power of the wind speed, up to the moment when the rated wind speed 
is reached. At wind speeds range from 12 m/s up to about 25 m/s the power is limited to the rated 
power of the wind turbine with the help of stall-regulation or pitch-control systems. When the wind 
speed exceeds 20-25 m/s the wind turbines are normally brought to standstill to avoid high 
mechanical loads on the turbine elements. This wind speed is called the cut-out wind speed. 
Figure 3 illustrates the major components placement in an horizontal axis wind turbine. A 
typical wind turbine consists of the following components (not necessarily all have to be included): 
- Anemometer and wind vane: they measure the wind speed and wind direction. Wind speed 
data is transmitted to the controller, while the wind vane communicates with the yaw drive 
to orient the turbine properly with respect to the wind, 
- Blades: Most turbines have either two or three blades, 
- Brake: A disc brake, which can be applied mechanically, electrically, or hydraulically to stop 
the rotor in emergency situations, like the cut-out speed exceeding, 
- Controller: The controller starts up the turbine at wind speeds above the cut-in wind speed 
and shuts it off above the cut-out speed. Turbines do not operate at wind speeds above an 
specified wind speed, because they might be damaged by the high wind speed and 
mechanical loads affecting the turbine parts, 
- Gearbox: Gears connect the low-speed shaft to the high-speed shaft and increase the 
rotational speed from the blades hub speed up to the rotational speed required by the 
installed generator to optimally produce electricity. The gear box is a very costly and heavy 
part of the wind turbine. That is why engineers are exploring direct-drive generators that 
operate at lower rotational speeds and do not need gearboxes, 
- Generator: an induction generator, doubly-fed induction generator or an synchronous 
generator, 
- High-speed shaft: a shaft driving the generator, 
- Low-speed shaft: a shaft driving the turbine hub with blades, 
- Nacelle: it is mounted on top of the tower and contains the gear box, low-speed and high-
speed shafts, generator, controller and brake. In case of the largest wind turbines the nacelle 
can be large enough for a helicopter to land on it, 
- Pitch: in case of the pitch-controlled wind turbines the blades are turned or pitched, out of 
the wind to control the rotor speed and keep the rotor from turning in winds that are too 
high or too low for it to produce electricity, 
- Rotor: the blades together with the hub, 
- Tower: Towers are made from tubular steel, concrete or steel lattice. Because wind speed is 
getting higher with the height, taller towers enable turbines to capture more energy and this 
way generate more electricity, 
- Yaw drive and yaw motor: the turbines face perpendicular to wind blowing direction. The 
yaw drive is used to keep the rotor facing into the wind as the wind direction changes. 
 
 
Figure 3. Horizontal axis wind turbine components [14]. 
 
2.2 Fixed-speed wind turbines 
 
In early prototypes of fixed-speed wind turbines synchronous generators have been used, but 
the induction machine appeared to be more widely adopted because of its lower cost, better 
environmental durability and superior mechanical compatibility with rapid wind changes. That is why 
in fixed-speed wind turbines the generator used is the induction generator type, directly connected 
to the grid. In the majority of wind turbines designs the generator is connected with the hub with 
blades via a gearbox. They are placed in a nacelle on the top of the turbine tower. The gearbox is 
needed to change the low rotational speed of the turbine to a high rotational speed on the 
generator. The induction generators rotational speed is typically 1000 or 1500 rpm [26]. The speed of 
the turbine is dependent on its rotor diameter. For example a 330 kW turbine has a rotational speed 
of approximately 18 - 45 rpm, while the rotational speed of a 1670 kW turbine is approximately 10 - 
19 rpm. A fixed-speed wind turbine is designed to obtain maximum efficiency at one wind speed that 
will give the optimum tip speed to wind speed ratio for the rotor airfoil. In order to be able to 
capture more wind energy, some fixed-speed wind turbines have two different rotational speeds. 
This can be achieved either by placing two generators in the nacelle or by one generator having two 
separate windings. 
 
2.3 Variable-speed wind turbines 
 
There are many similarities in major components construction of fixed-speed wind turbines and 
wind turbines operating within a narrow variable-speed range. Fixed-speed wind turbines operating 
within a narrow speed range usually use a double-fed induction generator and have a converter 
connected to the rotor circuit. The rotational speed of the double-fed induction generator equally 
1000 or 1500 rpm, so a gearbox implementation is required. 
To simplify the nacelle design a direct-driven generator is used. A direct-driven generator using a 
large turbine blades diameter can operate at a very low speeds and does not need a gearbox 
installed to increase to speed. The usage of frequency converter is needed to use a direct-driven 
generator, so wind turbines operating within a broad variable-speed range are equipped with a 
frequency converter. In an conventional fixed-speed wind turbine, the gearbox and the generator 
have to be mounted on a stiff bed plate and aligned precisely in respect to each other. A direct-
driven generator can be integrated with the nacelle, so the generator housing and support structure 
are also the main parts of the nacelle construction [28]. An example of a broad variable-speed range 
wind turbine, equipped with a large diameter direct-driven generator is shown on Figure 4. 
 
Figure 4. Schematic figure of a typical variable-speed wind turbine. 
 
 
 
3. Electrical systems in wind turbine generator systems 
 
The wind turbine generator electrical systems can be divided into two main groups - fixed speed 
and variable speed. The fixed speed wind turbines are equipped with a generator connected directly 
to the grid and are not the most common type used nowadays. They have major advantages over 
variable speed turbines, having relatively simple build and low price of the electrical system. 
Variable-speed wind turbines are today the dominating type of turbines. Especially in the high 
power turbines range. Usage of variable-speed turbines gives increased power quality, noise 
reduction and reduced mechanical stress on the wind turbine. Variable speed wind turbines are 
equipped with a power converter, which allows the generator frequency to differ from the grid 
frequency. 
 
3.1 Fixed speed wind turbines 
 
Almost all manufacturers of fixed speed wind turbines use induction generators connected 
directly to the grid. In order to avoid a large inrush current a soft starter is used for turbine start-up 
sequence, limiting the current escalation [27]. Since the frequency of the grid is fixed to 50 or 60Hz 
(depending on the regulations), the speed of the turbine is controlled by the gearbox gears ratio and 
by the number of poles of the generator. In order to increase the amount of output power, some 
fixed-speed turbines designs are equipped with a two speed generator and this way they can operate 
at two different speeds. A fixed speed wind turbine electric system schematic diagram is shown on 
the Figure 5. 
 
 
Figure 5. Fixed speed wind turbine schematic diagram. 
 
The use of induction generator has several advantages, such as a robust design, which 
implies small maintenance needs and can withstand overloading. It is well enclosed and produced in 
large, repeatable series. Thanks to that it also has a relatively small price. It has also one major 
disadvantage – it has an uncontrollable reactive power consumption, which forces the system 
designer to use shunt capacitor banks in order to compensate the reactive power consumption at no-
load. Figure 6 is a representation showing the reactive power consumption Q as a function of the 
active power P of an induction generator equipped with shunt capacitors [29,30]. 
 
Figure 6. Reactive power as function of reactive power. 
3.2. Variable speed wind turbines 
 
Nowadays, many wind turbines manufacturers are using variable speed wind turbine 
systems. The electrical system for variable speed operation is a lot more complicated, in comparison 
to fixed speed wind turbine system. The variable speed operation of a wind turbine can be obtained 
in many different ways with differentiation for a broad or a narrow wind speed range. The main 
difference between wide and narrow wind turbines speed range is the energy production and the 
capability of noise reduction. A broad speed range gives larger power production and causes 
reduction of the noise in comparison to a narrow speed range system. One of the biggest advantages 
of variable speed systems controlled in a proper way is the reduction of power fluctuations 
emanating from the tower shadow. 
 
3.2.1. Narrow speed range wind turbines 
 
Several large manufacturers use a double-fed induction generator with a converter 
connected to the rotor circuit for a narrow speed range electrical system [31]. A schematic diagram 
of such a system is shown in Figure 7. 
 
 
Figure 7. Schematic diagram of the electrical system of a variable speed wind turbine with a DFIG and a converter connected to the rotor 
circuit. 
 
The second option is the usage of a variable rotor resistance [32]. The Vestas V39-600 is an 
example of a wind turbine in which the slip of the induction generator and thereby the speed of the 
rotor can vary by 1-10%, using the Vestas Optislip system [33]. The system uses an optically 
controlled converter which varies the resistance of the rotor in the generator. On schematic diagram 
in Figure 8 an electrical system of a wind turbine equipped with controllable rotor resistance is 
shown.  
 
 
Figure 8. Schematic diagram of a electrical system of an narrow speed range wind turbine equipped with a variable rotor resistance. 
 
3.2.2. Wide speed range wind turbines 
 
In broad range variable speed systems the alternating current from the generator needs to 
be rectified first and then inverted again into alternating current, before it is going to be fed into the 
electrical system. Such systems are equipped with a frequency converter. The electrical system of 
such a wind turbine must consist of three main parts – an synchronous generator, a rectifier and an 
inverter. The generator and the rectifier have to be chosen as a set, while the inverter can be chosen 
almost independently of the generator and rectifier parameters. There is a design solution enabling 
to omit the usage of the gearbox in a broad range variable speed turbine system. It is made by 
placing a large sized, direct driven multipole synchronous generator. The generator excitation can be 
made electrically or by permanent magnets. 
If power quality is the aspect on which the manufacturer wants to focus on, usually the 
inverter is the only suitable solution. Figure 9 shows a schematic diagram of a variable speed wind 
turbine equipped with a converter, whereas the converter is meant as a rectifier and an inverter. 
 
 
Figure 9. Schematic diagram of a electrical system of an broad speed range wind turbine equipped with an converter. 
 
The inverters which are best adopted to wind energy conversion systems are the line 
commutated and forced commutated inverters. Both types require different types of filters, because 
of their different operation principle, they produce harmonics of different orders. The line 
commutated inverter exploits the thyristors. In order to operate they have to be connected to the 
grid. Also the power factor of the line commutated inverter is variable, but does not exceed 0.9. The 
inverter produces besides the fundamental current also the harmonic current, which causes voltage 
harmonics in the grid. For example, an six pulse line commutated inverter fabricates odd harmonics, 
not being multiples of 3. When the RMS value of the fundamental current equals I(1) = 1 p.u., the 
RMS values of the current harmonics become I(n) = 1/n pu., where “n” will be 5, 7, 11, 13, 17, 19, ... 
[34, 35]. This inverter usage requires implementation of an grid filter, eliminating these harmonics. 
On the positive side it can be noted, that the grid filter produces reactive power, which increases the 
power factor of the whole wind turbine generator system. 
The forced commutated inverter there is a possibility to choose when to turn on and turn off 
the valves, thanks to the SCR technology. If the inverter is connected to the grid, it can adjust its 
power factor to meet the desired requirement and control the wind turbine system reactive power 
consumption [10]. 
 
 
Figure 10. Reactive power consumption as a function of active power of a variable-speed wind turbine equipped with a forced-commutated 
inverter. 
 
The usage of the Pulse Width Modulation (PWM) technique brings elimination of low 
frequency harmonics and makes the first harmonic have the frequency close to the switching 
frequency of the inverter. When the IGBT valves are employed, the switching frequency is in range 
from 5 to 10 kHz. Because of the high switching frequency only a small filter will be needed to filter-
out the harmonics. 
 
4. Grid connection of wind turbines 
 
4.1. Overview of wind power generation and transmission 
 
Wind energy conversion systems convert wind energy into electrical energy, which is then fed into 
electrical grid. The connection of wind turbines to the grid can be made at the low voltage, medium 
voltage and high voltage, as well as to the extra high voltage system. Whilst most of the present 
turbines are connected to the medium voltage system (distribution system) of the grid, the future 
large offshore wind farms will have to be connected to the high and extra high voltage systems 
(transmission system) [36]. 
 
4.1.1. System components 
 
The turbine rotor, gear box and generator are the main three components for energy 
conversion. The rotor, being the driving component in the conversion system, converts the wind 
energy into mechanical energy. The generator and in case of variable speed wind turbines also an 
electronic inverter absorb the mechanical power from the rotor, converting it into electrical energy, 
which is then fed into a supply grid. The gear box us used to adapt the rotor speed to the generator 
speed, if it is necessary. 
The main components of the grid for connection of the wind turbines are the transformer 
and the substation with safety equipment (circuit breaker) and the electricity meter inside. Due to 
relatively high losses in low voltage lines, each of the turbines in the wind farm has its own 
transformer, converting the voltage level of the turbine to the medium voltage line of the 
distribution system. To avoid long low voltage cabling the transformers are located directly beside 
the turbine. Only in case of small wind turbines it is possible to connect them directly to the low 
voltage level of the grid without using a transformer. A wind farm of small wind turbines can use one 
transformer to connect to the grid. For very large wind farms with high powers a separate substation 
is necessary for transformation from the medium voltage system to the high voltage system [37]. 
Between a single wind turbine or a wind farm and the grid, at the point of common coupling 
(PCC), a circuit breaker has to be installed to provide disconnection possibility in case a fault. The 
circuit breaker is usually located at the medium voltage system side, inside a substation, together 
with the electricity meter. The meter has its own voltage and current transformers. Depending on 
the individual conditions of the existing supply system the connection to the grid can be performed 
as a radial feeder or as a ring feeder. 
 
4.1.2 Supply network 
 
The power supply system can be divided into three groups: 
 
• Low voltage system - nominal voltage up to 1kV, 
• Medium voltage system - nominal voltage above 1kV up to 35kV, 
• High voltage system - nominal voltage above 35kV. 
 
Large and heavy industry has to be connected to the high voltage system, medium size 
industries and workshops are connected to the medium voltage system, while small consumers, like 
households, are connected to the low voltage system. Conventional power stations are connected to 
the high voltage system.  
The electricity supply system power transmission capacity usually decreases with falling 
population density, while the areas where wind turbines are installed are generally located in regions 
with low population density and therefore with low power transmission capacity. This brings a 
requirement of power system reinforcement in those areas to be able to handle increased system 
power load [38]. The transmittable power for connection to different levels of the electrical network 
are listed in Table 1. 
 
 
Table 1.  Transmittable power and connection of wind turbines to different electrical network levels 
 
4.1.3 Offshore wind farms grid connection 
 
Offshore wind power is a relatively new way in which the wind power industry is aiming. Its a 
idea of very high powered, geographically concentrated wind farms placed at great distances from 
the shore. For large onshore wind farms the high voltage overhead lines above 100kV are normally 
used to connect them into the grid. This option is not available however for offshore wind farms, as a 
large part of the distance to the grid connection point has to be made using an underwater cable. 
Depending on the local conditions water depth, bottom conditions the distances can be 
considerable. Deep water increases the foundations cost, while shallow water makes construction 
difficult due to a limited access for barges, floating cranes and jack-up platforms drilling the 
foundation poles. In order to minimise the visual impact of the offshore wind farms they are usually 
placed far from the coastal line, with distance from shore ranging from 5 up to 50 km or even more. 
 
The general layout of an offshore wind farm grid connection follows the same guidelines as a 
large onshore installation, as the basic functional requirements are the same for both – to transmit 
the produced power to a certain point, where the electric grid is strong enough to absorb it [39]. A 
typical layout for such a connection is shown in Figure 11.  
 
 
Figure 11. AC offshore grid connection. 
 
As it is shown on the scheme wind farms clusters are connected to an offshore medium 
voltage ring. This is different from onshore connection practice, where the wind turbines are 
connected to radial cables from the medium voltage switchgear in the transformer station. The main 
reason for this is the vulnerability of the submarine cables, due to anchors and fishing activities. It 
must be taken into account that sections of the ring may be put out of service for repairs for long 
periods of time if weather conditions would make repair work impossible. The ring connection 
ensures continuity of energy production, reducing the economic consequences of a cable fault.  
The choice of voltage level within the wind farm is purely a matter of economy. Each wind 
turbine is equipped with a step-up transformer, increasing the generator voltage to a medium 
voltage of the wind farm ring. Transformers changing from low voltage directly to voltages higher 
than 36 kV are not standard products and hence they are far more expensive. The choice between 
20-24 kV and 30-34 kV voltage levels is determined by an evaluation of the minimum lifetime cost 
(net present value of losses for the alternatives is weighed against the equipment cost). 
The transformer station is an offshore structure, placed in vicinity of a wind farm. A design 
used usually is a one pole foundation with a top section containing the electrical equipment. The 
main function of the transformer station is to increase the voltage to a level suitable for transmitting 
the produced power to the connection point at coastal shore. Depending on the size of the 
installation this can be the wind farm medium voltage level, in this case the transformer is not 
needed, up to the highest transmission voltages used in the connecting transmission grid (400 kV). 
Depending on the weather conditions, which can be severe for long periods of time, for 
example during the winter season, repair can be difficult if not impossible until the weather 
improves. In these periods the voltage to the wind turbines and the transformer station has to be 
kept for service, maintenance purposes and operation of internal climate conditioning equipment. 
An emergency diesel generator is used for this purpose. The transmission line from the transformer 
station to the grid connection point is a independent project from the wind farm. It can be split up to 
two parts - a submarine cable offshore and a section onshore, which can be an underground cable or 
an overhead line. 
Underwater cables have similar construction to ordinary underground cables, but are 
equipped with a lead sheath and steel armour to make them watertight and to protect them from 
mechanical damage. The extra weight from those enforcements also helps to keep them in place in 
water where strong currents occur. If it is possible, burring is recommended to protect the cable. For 
the underwater section of the connection four different types of cables are available. For the AC 
transmission section three parallel conductors are needed. Single conductor cables are used in cases 
where transmission capacity requirements demand usage of very large cross section conductors or 
high voltage levels. 
An cable has a much higher capacity than an overhead line. The reactive power production of 
an underwater cable is considerable and can even reach, at large to shore distances, the reactive 
power used by a large wind farm utilizing induction generators. The high voltage onshore grid will not 
be able to absorb such a large amount of reactive power at all operating conditions. Since the 
demand of the wind farm is equal zero when it is disconnected from the grid, in periods with low 
wind speeds reactors will have to be installed to compensate the cable reactive power production 
[40]. 
For very long cables the loading current from the reactive power production may be a 
considerable part of its transmission capacity. In this situation high voltage direct current (HVDC) 
transmission technique may be economically feasible to be used. There are two different converter 
technologies used in this technique. The traditional thyristor based technology and a new transistor 
based one. The thyristor technology requires an AC voltage presence at both ends of the DC line. In 
case of an offshore wind farm application it requires an extra AC cable to be laid parallel to the DC 
line underwater. It also produces large amount of harmonics and requires large filters to remove 
them. The transistor technology overcomes these two issues. It also assures obtaining dynamic 
stability for the wind farm, as it makes possible to uphold voltage in the wind farm during the time 
needed to clear faults and fast reclosures in the onshore transmission system. 
 
4.1.4 Losses 
 
The electrical losses of a wind farm can be divided into losses having their origin in the 
generation of power and into losses, which occur independently of the power production the wind 
turbines. These are losses like the no-load losses of the transformer, losses for the substation lighting 
and heating (needed for protection against frost damages). The losses due to the generation of 
power in the wind turbines are mainly losses in the cables and transformer copper losses. 
One of the main losses cause is the transformer no-load loss, so it is important to keep the 
no-load loss of the installed transformer low. Additionally, the low voltage cable length between the 
turbines and the transformer station should be short to avoid high losses. At the medium voltage 
level lines the losses are low due to the low currents flowing in them. For very large wind farms or for 
long distances between the turbines and the transformer station the losses of the medium voltage 
lines become important. The electrical losses usually lay in the range of 1 – 2% of the wind turbine or 
of the wind farm energy production. 
 
4.2. Integration into the National Grid 
4.2.1 Emission savings 
 
Each unit of electricity generated by wind energy conversion systems saves emission of 
greenhouse gases, pollutants and waste products from different types of power plants. Numerous 
studies have shown that a unit of wind energy saves a unit of energy  generated from coal, gas or oil 
[41]. Wind turbines and wind farms operate whenever they are able to do so. When they come on-
line, they replace the load following plant - the generating sets, which are being loaded and unloaded 
to follow fluctuations in power demand in the system. In most European countries the power 
generation relies on coal fired power plants, with the exception of Sweden, Finland, France and Spain 
which have a high share of hydro or nuclear power plants. This situation is likely to continue still for 
years. On the other hand, in island power systems wind turbines and wind farms may replace oil fired 
and gas fired generation. 
4.2.2 Energy credits 
 
Fuel savings are the major economic benefit from using a wind energy power plant. The 
savings result not directly from the plant, but indirectly from the reduced need to run other 
generating plants. This in turn, results in lower fuel and related variable costs, including plants 
maintenance and staff costs. In the European Union, wind energy will most probably replace coal 
fired power plants, as this are the plants which are used for load following. There are various 
calculation methods for the energy cost savings arising from the introduction of wind energy into the 
electrical network. The three most important factors that have to be taken into account are: 
• Power plants fuel savings, 
• Operation and maintenance cost savings, 
• Expenses arising from the enforced operation of additional thermal plant at no full load conditions. 
As coal and gas prices are nowadays relatively uniform across the whole European Union and 
it is possible to estimate reference prices for these fuels. The variable component of operation and 
maintenance costs for coal plant is largely dependent on the country in which the plant operates. 
Additional savings from the installation of wind energy plant may occur due to reductions in the 
energy losses in transmission and distribution systems, while wind turbines can be placed near 
locations where energy delivery is not economically profitable. As these losses may account even for 
around 10% of the overall energy in the electricity network, this value may be significant. Levels are 
site specific and in some instances, when the addition of the wind power plant adds to system losses, 
the value will be negative. The operational expenses arising from the installation of wind energy on 
an electrical network are very small, until the amount of wind energy rises to around 10% of the total 
installed power capacity [42]. 
4.2.3 Capacity credits 
 
The utility need for power capacity is dictated by the magnitude of the peak power demand 
of the system. The ability of wind plant to contribute in this demand is therefore a key issue. As wind 
power is an unstable power source it is sometimes said that it has no capacity credit. Conventional 
thermal plants are not 100% reliable and power system operations depend on risk assessments. An 
mathematical analysis can be used to prove that wind power plants do contribute in power system 
capacity and show that the contribution of any item of power plant to firm capacity is equal to the 
average power it can generate [42]. At low energy penetration the firm power that can be assigned 
to wind energy will vary in direct proportion with the expected output at time of system risk. This 
statement is true for any energy source whether it is wind energy, other renewable energy power 
source or not. Capacity credits are usually related to the conventional plants that is replaced by wind 
turbines or wind farms [43]. 
In northern Europe, where peak demands on most electricity systems occur around 18.00 
o’clock during the winter months *44+, the output and hence the capacity credit of wind plant is 
around 10-25 % higher than the average power in Europe, as wind strengths are higher in winter 
months [45]. As the amount of wind in a system rises, its unstable nature does bring reduction of the 
capacity credit. Figure 5.1 shows data from 9 studies carried out by EU states, showing how the 
credit changes up to energy penetrations of around 15%. The exact levels differ, as they depend on 
local wind speeds and the characteristics of the particular utility systems. 
 
Figure 12. Capacity credits – European Union. 
 
5. Wind turbines power quality  
 
Power quality can be expressed in terms of the physical characteristics and properties of the 
electricity. It is most often described in terms of voltage, frequency and their distortions and 
interruptions. A perfect power quality would mean, that the voltage is sinusoidal waveform, is 
continuous and has a constant amplitude and frequency. Figure 13 shows the classification of 
different phenomena affecting power quality.  
 
Figure 13. Classification of power quality phenomena 
 
The national and international standards describe the quality of the voltage requirements, 
which have to be fulfilled to allow a power source to connect to the power grid. These standards 
divide the voltage disturbances into several categories: voltage variations, flickers, transients and 
harmonic distortions [46]. Grid-connected wind turbines, like any other power sources, do affect 
power quality and are affected by disturbances coming from the grid. That is why the power quality 
depends on the interaction between the power grid and the wind turbine system. Large scale power 
system have usually very stable frequency, without significant variations. Also the wind turbine 
normally does not cause any interruptions onto high voltage grid. In case of autonomous grids, 
where diesel engines or wind turbines are used, the frequency variation analysis should be carried 
through. This chapter deals with different aspects of voltage disturbances in wind energy conversion 
systems. 
 
5.1. Voltage variations 
 
The voltage can differ from its nominal conditions in a many various ways, including changes 
in magnitude, frequency, RMS and continuity of supply. A change in the RMS value of the voltage, 
occurring in a time span of minutes or more is defined as a voltage variation. International standards 
often talk about allowable variations in nominal voltage over an extended period of time - for 
instance 24 hours. For 50 Hz systems the standard voltage recommended by IEC Publication 38 is 
230/400V *47+. Under such voltage levels, the voltage at the user’s terminals must not differ more 
than ±10% from the rated voltage value. 
The main cause of voltage variations in the grid are changes in the power system load and in 
power production. Wind power causes significant voltage variations, emanating from the character 
of wind turbine power production. The wind turbine power may momentarily go from zero to 
maximal power production at the start under strong wind conditions, or from nominal power to zero 
in the event of an emergency stop. This shows, that the power production from wind turbines may 
largely vary and not only due to non-linear character of the wind, but also because of emergency 
conditions. 
There are several methods used for calculation of voltage variations in a power system. The 
one used the most is the load flow calculation, via specialised computer programs available on the 
market. The objective of this software is to predict voltage variations caused by load variations. The 
load flow calculations can be profitably used in calculations of voltage variations caused by wind 
turbines.  
The second analytical method for computing the voltage variation is to calculate the grid 
impedance Z, the active power P and reactive power Q [48]. The voltage at the Point of Common 
Coupling (PCC ) can be expressed as: 
 
where Z is the line impedance, R is the resistance and X the reactance of the line. U is the overhead 
line voltage, P and Q are the produced active and reactive powers of the wind turbine. 
Figure 2 shows the voltage of the grid calculated  at the PCC at two different ratios of X/R and 
at a constant short-circuit ratio (X/R=infinity). By definition the short-circuit ratio is the ratio between 
the grid short circuit power at the PCC and the rated power of the wind turbine. From the Figure 14 
we can see, that a low X/R ratio increases the voltage at the PCC while a high X/R ratio lowers this 
voltage. 
 
 
Figure 14. Voltage variations at different X/R ratios. The short circuit ratio is constant. 
 
A simplified version of Equation 1 is used in northern European countries, like Sweden and 
Denmark, law regulations for grid connection of wind turbines. In those countries the voltage 
variations may not exceed 2,5% for a distribution feeder, or 5% in case when only wind turbines are 
connected to that feeder. 
 
 
5.2. Flickers 
 
The flicker is a way of voltage fluctuations quantification. The principle of this method is 
based on measurement of changes in the voltage amplitude, in particular the magnitude and 
duration of the variations. The detailed description of flicker can be found in the IEC 60868 standard 
and its Amendment 1 [49, 50]. According to this standard the magnitude of the maximal permissible 
voltage change with respect to the number of voltage changes per second should not exceed the 
value shown in the Figure 15. 
 
 
Figure 15. Voltage variation curve versus changes frequency according to IEC 60868. 
 
Flicker from grid-connected wind turbines are one of the biggest problems of this energy 
production technology. There have been made many investigations covering this problem [51-54]. 
Flickers originating in wind turbines have their source in two different turbine operation modes: 
continuous operation mode and switching operation mode. 
 
5.2.1. Continuous operation 
 
Flickers created during continuous operation are caused by power fluctuations. Power 
fluctuations mainly come from variations in the wind speed, wind turbine wake effect, mechanical 
properties of the turbine and in case of pitch controlled wind turbines, caused by the pitch 
mechanism bandwidth limitation. Figure 4 presents the measured power of a 225 kW fixed speed 
pitch controlled wind turbine operating under very strong wind speed. The Figure 16 shows the wind 
turbine produced power variation.  
 
 
Figure 16. Measured power of a pitch controlled fixed speed wind turbine during normal operating conditions. 
 
The measurements have to be made during the wind turbine continuous operation in order 
to determine its flicker emission. The IEC 61400-21 adds a warning that the flicker emission 
determination should not be made voltage measurements, while the background flicker of the grid 
will influence the results [55]. To overcome this problem a method based on measurements of 
current and voltage is proposed. To determine the flicker coefficient according to the IEC 61400-21 
we have to apply: 
 
where c(/k) is the flicker coefficient, Pst,fic is the flicker emission level calculated at the short-circuit 
power Sk,fic of a reference grid with grid angle k  and Sref is the rated apparent power of the wind 
turbine. To obtain the grid angle we apply: 
  
where Xk is the grid reactance and Rk is the grid resistance. Then the grid connected wind turbine 
flicker emission,  with grid arbitrary short circuit power Sk , may be calculated by: 
 
If a connection of several wind turbines to one common point of the grid takes place, then 
according to the IEC 61400-21, to determine the flicker contribution the following equation has to be 
used: 
  
where Pst i is the flicker emission from individual wind turbines. 
 
5.2.2. Switching operations 
 
The second source of flickers are the switching operations. In case of wind turbines it means 
usually the start-up and shut down operations. The power production will be affected by start-up, 
stopping and switching between generator windings or generators. Since the power production 
changes the voltage at the point of common connection also changes and as a result the flicker 
occurs.  
The variable speed, stall regulated fixed speed and pitch controlled fixed speed wind turbines 
have all different start-up sequences. Variable-speed wind turbines are normally equipped with 
pitch- control. Generally the starting sequence of variable speed wind turbine is smoother than for 
fixed speed wind turbine, due to the pitch-control and the controllable speed of the turbine. 
The Figure 17 shows the measured power  of a pitch controlled fixed speed wind turbine 
during the start-up procedure. The connection of the turbine occurs at the time t = 30 s. For the first 
seconds after the connection the operation of the soft starter takes place in order to limit the start-
up current value. As it can be seen in order to magnetize the generator the wind turbine consumes 
reactive power. Afterwards the reactive power is compensated by means of shunt capacitor banks. 
The capacitors are not switched on simultaneously, but in steps, with a short time delay. When all 
capacitor banks have been switched on, the blades of the turbine are being pitched, which results in 
increase of active power production. The power production also affects the reactive power 
consumption, which clearly shows the turbine reactive power regulation potential. 
 
 
Figure 17. The measured power of a fixed speed pitch controlled wind turbine during start-up. 
 
In the Figure 18 the corresponding terminal voltage of the same wind turbine is presented. 
The turbine voltage change caused by the start-up has got two main stages. In the first stage of the 
start-up the reactive power drop causes a voltage drop, caused by the generator reactive power 
consumption. When the shunt capacitors are being sequentially connected and the reactive power 
consumption goes to zero the voltage nominal level is restored. 
In the second stage the active power production increases and the voltage value begins to 
rise. 
 
 
Figure 18. The measured terminal voltage of a fixed speed pitch controlled wind turbine during start-up. 
 
The measurements of the switching operations have to be taken, with accordance to the IEC 
61400-21, during wind turbine start-up at cut-in wind speed and during switching between generator 
windings or whole generators (this case applies only to turbines having a multiple windings generator 
and turbines with more than one generator). The measured values are the three phase currents and 
the three phase-to-neutral voltages. The measurements, simulations and calculations are performed 
to determine the following wind turbine parameters for each of the switching operations at different 
grid angles k: ku - voltage change factor and kf - flicker step factor. To determine the percentage 
voltage drop caused by a single start-up of the wind turbine one has to calculate [55]: 
  
where ku(k) is the voltage change factor calculated at the grid angle k. When poor wind conditions 
occur wind turbines may launch and stop several times over short periods of time. The flicker 
emission caused by a repeated number of voltage drops, where N is the number of voltage drops and 
T is the time in seconds when the drops appear, is calculated by: 
 
where U is the voltage value and F is the form factor of the U voltage drop. For different types of 
voltage drops a different form factor is used, according to the IEC 61000-3-7 standard [56]. The IEC 
61400-21 introduces a flicker step factor. This factor is calculated from the measured voltage drop 
caused by generator start-up at the cut-in wind speed. A repeated number of wind turbine start-ups 
creates a flicker emission determined by usage of the flicker step factor: 
 
where kf(k) is the flicker step factor calculated at the grid angle k. N is the maximum number of 
switching operations during a given period of time. 
 
5.3. Harmonics and interharmonics 
 
The harmonics are voltage components with frequencies being multiples of the fundamental 
frequency, i.e., 100Hz, 150Hz, 200Hz, etc. The interharmonics are defined in a similar way, as 
components having frequencies located between the harmonics of the fundamental frequency. Both 
harmonics and interharmonics are defined in the IEC 61000-4-7 standard and its Amendment No.1 
[58, 59]. 
Voltage and current harmonics and interharmonics are always present on the utility grid. 
They are produced mainly by the rectifiers and inverters in motor drives, non-linear loads, power 
electronic loads, etc.. There are many negative effects of harmonics presence, including equipment 
overheating and failures, unwanted tripping of a sensitive loads, faulty operation of protection 
equipment and interference with communication circuits [57]. 
To perform the harmonics and interharmonics analysis the measured signal has to be 
sampled, then A/D-converted and finally stored. On the stored samples from a certain time window a 
discrete Fourier transformation is performed. The window width is defined in the IEC 61000-4-7 
standard and is equal to 10 line periods in a system working with 50Hz frequency, giving a distance 
between two consecutive interharmonics components of 5 Hz. Figure 19 shows the current 
interharmonics components measured for a variable-speed wind turbine. The current signal has been 
analyzed in accordance with the IEC 61000-4-7. 
 
 
Figure 19. Current interharmonics components for a variable speed wind turbine at a frequencies between 1250-1300 Hz. 
 
The standard IEC 61400-21 does not hold any specification of harmonics and interharmonics 
for fixed speed wind turbines. This type of wind turbines are not expected to deliver significant 
harmonics and interharmonics distortions. The determination of harmonics currents emission during 
continuous operation for variable speed wind turbines equipped with a converter is required. The 
required frequencies range for which it has to be performed ranges form fundamental up to 50 times 
the fundamental grid frequency. The total harmonic distortion and the emission of the individual 
harmonics has to also be rated. The IEC 61800-3 standard recommends that the total harmonic 
distortion (THD) has to be lower than 5% of the fundamental rated current. The emission limits for 
odd and even harmonics, according to the IEC 61800-3, are given in Table 1 [60].  
 
 
Table 2. Emission limits according to the IEC 61800-3 standard. 
 
In the case of a wind farms application, the recommendation for multiple wind turbines takes 
effect. According to the IEC 61000-4-7, if determination of the harmonic currents from more than 
one source connected to a common point is required, the following equation applies: 
 
where in is the harmonic current of the order n, in,k is the harmonic current of the order n from 
source number k and  is an exponent taken from the Table 2. 
 
Table 3. Exponent value for harmonics current calculation. 
 
5.4. Transients 
 
The transients occur mainly during the start-up and shut down of fixed speed wind turbines 
[61]. A fixed speed wind turbine start-up procedure is performed in two steps. At first, the generator 
is switched on together with a soft starter, used to avoid a large inrush current. With operating and 
connected to the grid generator and soft starter the shunt capacitor banks are switched on. The 
shunt capacitor banks are connected directly to the grid without any soft switching devices, a large 
current peak occurs, despite their connection in sequence and not all at one, what can be seen on 
Figure 20. 
 
Figure 20. The oscillating current during shunt capacitors switch on at wind turbine start-up. 
 
The transient current value reaches sometimes twice the wind turbine rated current. It may 
significantly affect the voltage of the low voltage grid to which it is connected. The voltage transient 
can also cause disturbance to sensitive protection and measurement equipment connected to the 
same part of the grid [29]. 
The connection of an unloaded capacitor can cause a transient with current amplitude 
determined by the ratio of capacitance of the capacitor and the impedance of the grid. Also the 
frequency of the transient can approximately calculated by: 
 
where C is the capacitor capacitance and L is the grid inductance. 
 
5.5. Frequency 
The introduction of a relatively small amount of wind power does not bring interfacing or 
operational problems into the utility grid [62]. The wind turbines power production fluctuations are 
balanced by other production units of the power system. The problem becomes noticeable on the 
other hand when the wind turbines are connected into an autonomous power systems. In such 
systems, usually supplied by diesel engines, the spinning reserve is relatively small. In case of a 
sudden wind blow or wind drop the small spinning reserve will bring rise to frequency fluctuations 
and hence, in a wind-diesel autonomous system the voltage and frequency fluctuations will be 
significantly higher than in a utility grid. 
The most commonly used wind turbines in autonomous power systems are fixed speed wind 
turbines equipped with an induction generator. Figure 21 shows an example of how a wind- diesel 
power system with relatively small amount of connected wind power operates. 
 
 
Figure 21. Frequency variations in an autonomous power system. 
 
The installed wind power was approximately 10% of the total power on the system. The 
frequency measurements were taken under two states of the system: with wind turbines turned on 
and with wind turbines turned off. If the turbines are turned on together with diesel engines an 
increase in frequency can be observed. In case when the diesel engines are running at low load the 
frequency is going to increase above 50 Hz. This is the case when the utility operating the system 
does not want to stop too many diesel engines in case of a sudden wind speed drop and therefore 
lowering wind turbines power output.  
If the fraction of wind power is increased in the system or the system is operating solely on 
wind power the power from the wind turbines has to be controllable under strong and weak wind 
conditions. A pitch controlled variable speed wind turbines should then be used instead of fixed 
speed wind turbines. An example of such wind turbines only power system power and frequency 
output is shown on Figure 22. 
 
 
Figure 22. Frequency and power output from a wind turbine connected to an autonomous power system. 
 
The figure presents the power from the wind turbine and the power system frequency 
measured during night time. If the wind speed is below the cut-in wind speed of the turbine it is not 
turned on and is not providing any power to the system. During that time the plant should operate in 
diesel mode, if the diesel engines are available or take power from batteries. When the wind speed 
increases above the cut-in wind speed the plant is turned on and works independently or in a mixed 
mode, working in parallel with the diesel engines. There has to be set a criterion for the system for 
which the system will start working only with usage of wind turbines. An example of such a criterion 
is that the rotational speed of the wind turbine exceeds a predetermined value or the power output 
from the turbine for a certain time exceeds predefined value. Then the wind turbine to operates on 
its own.  
The frequency of the wind turbines only mode is very stable in comparison to the wind 
turbines - diesel and diesel only operating mode. According to the European standard EN 50160 the 
nominal frequency of the supply voltage is supposed to be 50 Hz under normal operating conditions. 
The average value of the fundamental frequency measured over 10 seconds in distribution systems, 
with no synchronous connection to an interconnected system, is to be within the range of 49 Hz to 
51 Hz (50 Hz ± 2 %) for 95 %  time of the week or 42.5 Hz to 57.5 Hz (50 Hz ± 15 %) for 100 % time of 
the week [46]. 
 
 
6. Conclusions 
 
From the electrical point of view the wind turbines may be divided into two main groups: 
operating at fixed speed and variable speed. Both groups of turbines have their advantages and 
disadvantages in respect to interaction with the electrical grid and the power quality. Wind turbines 
are not sources of stable and constant power, being largely dependent on the natural variations in 
the wind speed over time. The uneven power production is a feature of all types of wind turbines. 
The wind turbine blade enters the tower shadow each time it passes the tower. In case of fixed 
speed wind turbines the tower shadow and the wind speed gradients will result in power 
fluctuations. The variable power production and power fluctuations further cause the voltage 
variations.  
The power fluctuations of the wind turbines may cause flicker disturbances in the grid to which 
they are connected. The slow variations in the voltage level caused by the wind turbines uneven 
power production can be calculated by means of load flow calculations. In order to estimate the 
possible impact on flicker, measurements together with subsequent flicker calculations have to be 
performed. 
Fixed speed wind turbines do not produce any harmonics, apart from possible situations when 
oscillations between the grid impedance and the wind turbine system shunt capacitor banks occur. 
Such situation can take place during power factor correction. The situation is exactly the opposite 
when it comes to variable speed wind turbines. Depending on the type of inverter which is used in 
their electrical system different orders of harmonics are produced during their operation. 
Transients seem to be a significant problem in wind energy conversion systems. They occur 
mainly during wind turbines start-up and stopping, causing a large inrush current and thereby a 
voltage dip. To minimize its effect the wind turbines are equipped with a soft starter. Also during the 
shunt capacitor bank switching on a current peak occurs, which can substantially affect the voltage 
on the low voltage side of the transformer. 
The frequency of an autonomous grid is normally not as stable, as that of a large utility grid. In an 
autonomous grid supplied by a mix of wind turbines, batteries and diesel engines the spinning 
reserve is very limited. This causes frequency fluctuations during fast load changes occurrence. Wind 
energy systems introduced in an autonomous grid are not a stable frequency source. A sudden wind 
blow or wind drop affects the power balance, resulting with frequency variations. One of the possible 
remedies for this is the usage of sophisticated variable speed wind turbines, which can eliminate this 
problem and improve the frequency balance. 
Wind turbine types are a potential source of power quality problems. The IEC 61400-21 standard 
provides information and tools for prediction of interaction between the wind turbines systems and 
the grid. Together with extensive wind energy systems technology knowledge it gives 
recommendations for suitable task-oriented turbine selection and flawless cooperation with the grid 
to which they are connected. 
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6. Wind turbine simulation 
 
The second part of the thesis consists of wind turbine power quality measurement 
conditions and testing procedures description, together with the simulation results discussion. 
An exemplary report, made with accordance to the IEC 61400-21 standard, was prepared after 
the turbine measurements. The measurement procedures are valid for wind energy conversion 
systems connected to 3-phase electrical grid in the case where their work aim is not active 
frequency or voltage control in any part of the network. The general aim of the measurements 
is delivered power quality verification in the whole wind turbine operational range.  
The measurements are not required in case of wind speeds above 15 m/s. Taking into 
consideration the wind speeds above 15 m/s can increase the accuracy of flicker 
measurements and in case of some turbines can increase the measured power (mean from z 
0.2 s). To keep a healthy relation between costs and accuracy the IEC 61400-21 standard does 
not require to provide measurements for wind speeds above 15m/s. Nether less, taking them 
into consideration increases the acquired results accuracy for wind turbine locations with high 
wind speeds. 
 
6.1 Measurement conditions 
 
It is required to maintain the following measurement conditions when making 
measurements according to the IEC 61400-21 standard: 
- the wind turbine should be connected directly to the MV network via a typical 
transformer, with nominal power at least equal to the apparent power of turbine operating 
with active power Pmc. Some wind turbines have an built-in transformer. The characteristics 
measurements should be taken at the turbine clamps. The wind turbine manufacturer is 
responsible for presentation, if the clamps are located on the LV or MV transformer side. It is 
assumed, that the output voltage change will not cause a different wind turbine power quality 
behaviour. That is why in case of transformer voltage change there is no need for a new 
turbine testing, but only nominal output voltage and current update. 
- the short circuit apparent power at the MV connection point should be at least 50 
times higher from the apparent power of turbine operating with active power Pmc. The short 
circuit apparent power can be calculated or obtain its value from the Distribution System 
Operator, for the state before the turbine connection. 
- the voltage Total Harmonic Distortion (THD), for up to 50th harmonic, should be 
less than 5 %, when it is measured as mean 10-minute value and the turbine does not generate 
power. The THD can be obtained by measurement directly before the turbine measurements. 
- the frequency, measured as a 0.2 second mean value, should fit into the range ±1% of 
the nominal frequency and the speed of its change, measured as a 0.2 second mean value 
should be less than change of 0,2% nominal frequency value in 0.2s time. If it is known that 
the grid frequency remains very stable and fulfils with ease the above mentioned 
requirements, which is usually true for large, mutually connected energetic systems, its further 
rating is not needed. If it is not the case, during the testing, the voltage frequency has to be 
measured and the measurement data acquired at the time when the frequency had a wrong 
value, have to be neglected. 
- the voltage should fit into the range ±5% of the nominal value, measured at the wind 
turbine clamps as a 10-second mean value. The voltage asymmetry factor can be acquired 
with the method mentioned in chapter B.3 of IEC 61800-3 standard. If it is known that the 
voltage asymmetry factor fulfils with ease the above mentioned requirements, its further 
rating is not needed. If it is not the case, during the testing, the voltage asymmetry factor has 
to be measured and the measurement data acquired at the time when the factor had a wrong 
value, have to be neglected. 
- the turbulences factor, measured for a 10-minute time period, should fit into the 
range between 8% and 16%. The turbulences factor should be estimated based on sector 
obstacle identification and terrain variations, or by wind speed measurements. In any case, the 
measurement data, acquired at time when the turbulences factor had value above the 
allowable range, have to be neglected. 
- the environmental conditions should fulfil the turbine manufacturer requirements for 
the turbine and the equipment. Usually there is no need for environmental conditions 
measurements, although it is required to describe them in the measurements report. 
 
6.2 Measurement methods 
 
Rated data: they are provided by the turbine manufacturer. 
Maximum permitted power: Pmc should be provided by the turbine manufacturer. 
Maximum measured power: it should be measured as 60-second mean value P60, as 
well as 20-second mean value P0.2. The P0.2 value should be made with compliance to the 
following procedure: 
a) the measurement is made only during continuous operation; 
b) the power is measured at the wind turbine clamps; 
c) the measurements are made in such a way, that in each wind speed interval of 1m/s 
width, between the cut-in wind speed and 15m/s wind speed measure at least five 10-minute 
data series. The wind speed is measured as a 10-minute mean value; 
e) the measurement data is checked and the errant data is neglected; 
f) the measured power is converted to mean values in 0.2 and 60 second time blocks; 
g) P0.2 is the biggest and correct 0.2-second measured mean value; 
h) P60 is the biggest and correct 60-second mean value. 
The measurements should be made using the measurement circuit presented on the 
Figure 6.1 using the voltage and current transformers, power converter and an anemometer. 
The measurement equipment has to follow the following class and accuracy requirements: 
- voltage transformers - class 1.0 (IEC 60186); 
- current transformers - class 1.0 (IEC 60044-1); 
- apparent power transformers - class 1.0 (IEC 60688); 
- active power transformers - class 1.0 (IEC 60688); 
- reactive power transformers - class 1.0 (IEC 60688); 
- anemometer - ± 0.5 m/s  
- filter + A/C converter + data acquisition circuit - 1% of the full scale 
It is also advised, that the power measurement range upper limit exceed the wind 
turbine nominal power by at least two times.  
 
 
Figure 6.1. The measurement circuit according to IEC 61400-21. 
 
 
 
Reactive power: the relation between the active and reactive power should be 
measured according to the following procedure: 
a) the measurement is made only during continuous operation; 
b) the active and reactive powers are measured at the wind turbine clamps; 
c) the measurements are made in such a way, that in each wind speed interval of 1m/s 
width, between the cut-in wind speed and 15m/s wind speed measure at least five 10-minute 
data series of active and reactive power. The wind speed is measured as a 10-minute mean 
value; 
d) the measured data is recalculated to mean 10-minute values with block averaging 
for each 10-minutowe time period; 
e) 10-minute mean data is arranged by interval method in such a way, that the reactive 
power can be indicated in a table for power equal 0, 10, ... 90, 100 % of nominal power, while 
0, 10, ... 90, 100 % correspond to middles of taken active power intervals; 
f) reactive power corresponding to active power Pmc, P60 and P0.2 is determined by 
extrapolation of measured relation between the active and reactive power, or by expansion of 
the measurement range. The measurements should be made using the measurement circuit 
presented on the Figure 6.1 using the voltage and current transformers, power converter and 
an anemometer. The measurement equipment has to follow the class and accuracy 
requirements as before. There is no special requirement concerning the active and reactive 
power circuit bandwidth, because these measurements are made to get a 10 minute mean 
value. 
6.3 Voltage fluctuations 
 
The measured wind turbine should be connected to medium voltage electrical network. 
Medium voltage network is usually loaded with other variable receivers, which can cause 
significant voltage fluctuations on the wind turbine clamps during the measurements. 
Additionally, the voltage fluctuations caused by the wind turbine depend on the 
electrical network characteristic. The aim is to obtain the results which are independent of the 
network conditions at the place where the measurements take place. To ensure this the 
standard indicates an method which utilizes the measured current and voltage values at the 
wind turbine clamps to simulate the fluctuations in a substitute network, in which besides the 
wind turbine none other voltage fluctuations sources exist. The substitute network is shown 
on Figure 6.2. 
 
Figure 6.2. Voltage fluctuations measurement substitute network. 
 
The substitute network consists of an ideal voltage source with instantaneous  value 
u0(t) and series impedance, which represents series resistance Rfic and  inductances Lfic. The 
wind turbine system is represented by current source im(t), being the measured instantaneous 
phase current value. This simple model provides the simulated voltage with instantaneous 
value ufic(t), given by the equation: 
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The ideal voltage source u0(t) can be realised by a number of different ways, but 
should be characterized by two ideal voltage source properties: 
a) the ideal voltage should be free of any fluctuations, i.e. the voltage flicker should be 
equal to zero; 
b)  u0(t) has to have the same phase angle αm(t) that the measured voltage fundamental 
component. Thanks to this the phase shift angle between the ufic(t) and im(t) is correct, as long 
as: 
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Additional procedures of voltage fluctuations measurements are required when the 
fluctuations are divided into continuous work and switching operations. This division reflects 
the fact that the flicker emission from the wind turbine during continuous operation has a 
stochastic noise nature, while flicker emission and voltage changes during switching 
operations have a limited in time, non-simultaneous events. 
According to IEC 61000-3-7 standard, the long-term flicker index can be calculated as 
a root of third degree from sum of cubes of twelve consecutive short-term flicker indexes. 
Taking into account that the flicker emission form the wind turbine is a function of wind 
speed and that it is required to carry out the calculations assuming, that the wind conditions 
are not changing for 2 hour time, twelve consecutive short-term flicker indexes values 
equality can be expected. Therefore, in case of wind turbines, the long-term flicker index is 
equal the short-term index value.  
6.3.1 Continuous operation 
 
The flicker index c(Ψk,va) should be determined through measurement and simulation. 
The following measurements have to be performed: 
a) three instantaneous phase currents and voltages have to be measured on the clamps 
of the wind turbine; 
b) the measurements are made in such a way, that in each wind speed interval of 1m/s 
width, between the cut-in wind speed and 15m/s wind speed measure at least fifteen  
10-minute data series of voltage and current (five series in three phases). The wind speed is 
measured as a 10-minute mean value; 
c) Switching operations are not supposed to occur, with exceptions i.e. capacitor banks 
reconnection during wind turbine continuous operation. The measurements should be made 
using the measurement circuit presented on the Figure 6.1 using the voltage and current 
transformers and an anemometer. 
The current and voltage measuring signal bandwidth upper limit should be equal at 
least 400 Hz. The measurement results have to be developed in a way, which makes possible 
marking of the turbine flicker index with respect to electrical network impedance phase angle 
and wind speed distribution. It is made by repeating the following procedure for each required 
grid impedance phase angle and wind speed distribution.  
At first, the flicker index should be determined for each measured 10-minute current 
and voltage values set. It has the following procedure: 
a) the measured values should be put into Equation 6.1 to obtain the voltage value 
ufic(t). 
b) the voltage value ufic(t) should be put into the algorithm consistent with the IEC 
61000-4-15 standard, to obtain the flicker emission value Pst,fic in the substitute network for 
each 10-minute value. 
c) the flicker index should be determined for each calculated flicker emission using the 
equation: 
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where Sn is the wind turbine nominal apparent power, Sk,fic – short-circuit apparent 
power for the substitute network. 
Secondly, a weight coefficient should be chosen for each wind speed interval in 
consistency with frequency of a particular flicker index occurrence. This procedure is 
following: 
a) the assumed frequency of wind speed occurrence fy,i in the i-th interval should 
correspond to the Rayleigh distribution, i.e.: 
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where vi is the middle of the i-th wind speed interval, va is the assumed annual wind 
speed. 
b) the real frequency of measured flicker indexes occurrence fm,i in the i-th wind speed 
interval is given by the equation: 
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where Nm,i is the number of flicker indexes values measured in the i-th wind speed 
interval, Nm is the overall number of flicker indexes values. 
c) the weight coefficient should be determined for each interval of 1 m/s width, 
between vcut-in and 15 m/s, putting the calculated values fy,i and fm,i to the Equation 6.6: 
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Lastly, a flicker index weighted distribution function should be determined and the 
flicker index c(Ψk, va) is given as a 99-percent percentile of the distribution function. The 
procedure is following: 
a) the weighted distribution function of the flicker index values is given by the 
equation: 
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where Nm,i,c<x – number of flicker indexes lower or equal to x in the i-th wind speed 
interval, Nbin – overall wind speed intervals number. 
b) The flicker index is determined as a 99-percent percentile of the weighted 
distribution function of the flicker indexes. It is made by calculation of the Pr(c<x) values and 
reading out the 99-percent percentile values. 
According to IEC 61000-3-7 standard, the long-term flicker index can be calculated as 
a root of third degree from sum of cubes of twelve consecutive short-term flicker indexes. 
Taking into account that the flicker emission form the wind turbine is a function of wind 
speed and that it is required to carry out the calculations assuming, that the wind conditions 
are not changing for 2 hour time, twelve consecutive short-term flicker indexes values 
equality can be expected. Therefore, in case of wind turbines, the long-term flicker index is 
equal the short-term index value. 
6.3.2 Switching operations 
 
Based on the turbine manufacturers information, for each switching operation type a 
maximal event occurrences number N10 and N120 should be determined. In case when the 
turbine manufacturer cannot provide this data or cannot provide the turbine control system 
specification detailed enough to determine them, the following values have to be taken:  
N10 = 10 and N120 = 120 
The measurements, consecutive simulations and calculations have to be give finally, 
for each switching process type, voltage change index ku(Ψk) and step flicker index kf(Ψk). To 
measure the voltage change index ku(Ψk) and step flicker index kf(Ψk) one has to make: 
a) three instantaneous phase currents and voltages have to be measured on the clamps 
of the wind turbine; 
b) the measurement has to be performed for time Tp, long enough to ensure switching 
operation transient state disappearance and short enough to exclude the possible power 
fluctuations due to turbulences; 
c) to ensure representativeness of measurement results for normal turbine operating 
conditions, the measurement should be repeated five times; 
d) the wind speed should be measured as before. There is a requirement, that the 10-
minute mean wind speed value during the switching operation was in the interval of ±2 m/s to 
the required wind speed. The measurements should be made using the measurement circuit 
presented on the Figure 6.1 using the voltage and current transformers and an anemometer. 
The upper border of the voltage and current bandwidth should be equal at least 1500 Hz. In 
case of wind turbines utilizing soft starters or other methods of start-up current lowering there 
is a requirement to use the current transformers rated for currents from two to four times 
higher than the wind turbine nominal current. In case of wind turbines not utilizing methods 
of start-up current lowering there is a requirement to use current transformers rated for 
currents from ten to twenty times higher the wind turbine nominal current. The measurement 
results should be analysed to obtain the voltage change index ku(Ψk) and step flicker index 
kf(Ψk). It has the following procedure: 
- the measured voltages should be put into the Equation 6.1 to obtain the voltage value 
ufic(t). 
- to determine the single flicker emission Pst,fic in the substitute network for each 
voltage value ufic(t), the simulated voltage value ufic(t) should be put into the flicker 
measurement algorithm consistent with the IEC 61000-4-15 standard. As a result, for each 
case 15 Pst,fic values are obtained, five voltages for three phases respectably. 
- the step flicker index kf(Ψ) should be calculated according to the definition: 
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 - the voltage change index ku(Ψ) should be calculated according to the definition: 
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where Ufic,min is the minimal one-period root mean square voltage value in the 
substitute network during the switching operation; Ufic,max is the maximal one-period root 
mean square voltage value in the substitute network during the switching operation; 
- the step flicker index and voltage change index should be determined as means from 
15 values. 
6.4 Harmonics 
 
The harmonics are measured only for wind turbines utilizing a power electronics 
converter. In case of wind turbines utilizing the power converter the maximal harmonic 
currents generated by the turbine during continuous operation should be measured. The 
harmonic currents should be measured at the wind turbine clamps according to the  
IEC 61000-4-7 standard. The highest measurement equipment class mentioned in  
IEC 614000-4-7 standard should be used. The measurement results should be obtained from 
10-minute observations. The measurement procedure should be customized for each single 
wind turbine, i.e. to the cases when harmonic currents generation values are more likely to 
change in a short time interval. 
 
7. Simulated wind turbine 
 
Nowadays the wind turbine market is divided between two types of wind turbines: 
asynchronous and synchronous. The asynchronous generator based wind turbines dominate in 
small and medium size wind turbines applications, while the permanent magnet synchronous 
generator (PMSG) and double fed induction generator (DFIG) based wind turbines are 
nowadays the ones used  the most frequently in high power applications.  
The design of a wind turbine system is a complicated task due to the plethora of 
parameters involved and the often conflicting requirements, such as the low cost and 
ruggedness on the one hand, and the good output power quality and dynamic characteristics 
on the other. 
The selection of suitable for simulations turbine was dictated by the following 
requirements: 
a) the simulation model has to be based on an existing wind turbine design; 
b) the simulation model has to provide voltage and power at a level suitable for 
medium voltage electrical grid connection; 
c) the simulation model has to be able to give correct results for all types of 
measurement tasks required by IEC 61400-21 standard. 
The simulated wind turbine fulfils all of these requirements. It is a Permanent Magnet 
Synchronous Generator based wind turbine, in design parameters based on 2MW Enercon 
Gmbh E-82 E2 wind turbine from year 2011, shown on Figure 7.1 and with parameters shown 
in Table 7.1. It is a no-gearbox, variable speed Horizontal Axis Wind Turbine (HAWT). The 
rotor diameter is  82 m and the turbine hub height can be: 78 m, 85 m, 98 m, 108 m and 138 
m, depending on the client requirement. The turbine has a upwind rotor with active pitch 
control, using single blade adjustment. The rotational direction is clockwise. It has got three 
blades, with swept area equal 5281 m2. The rotational speed is variable and lays in the range 
from 6 to 18 rpm. Drive train with generator’s hub is rigid, the main bearings are double-row 
tapered. The generator is a 2000kW Enercon direct-drive annular generator. The grid feed is 
realised via an Enercon inverter. It is equipped with three brake systems: three independent 
pitch control systems with emergency power supply, an rotor brake and a rotor lock. It also is 
equipped with a active yaw system via yaw gear with load-dependent damping. The nominal 
operational wind speed is 15m/s. The possible cut-in wind speed is equal to 3m/s and the cut-
out wind speed is 28, with possibility to extension to 34 m/s. 
 
 
Figure 7.1. Enercon E-82 E2 wind turbine [73]. 
The turbine does not utilize a gearbox. That is why it has to use a low-speed, multipole 
PMSG. This way the generator rotor rotates at the same speed as the rotor of the turbine. The 
PMSG can be connected directly to the turbine, which results is a simple mechanical system. 
The more traditional approach, with use of a gearbox adds weight to the system, generates 
additional noise, demands regular maintenance and increases the losses. Especially the 
maintenance of the gearbox may be difficult, because of gearbox location, on top of the 
turbine in the nacelle. Furthermore it generates problems with materials, lubrication and 
bearing seals. Many of these disadvantages are avoided in the gearless WECS. The noise 
caused mainly by a high rotational speed can be reduced and also high overall efficiency and 
reliability are achieved in addition to reduced weight and diminished need for  
maintenance [63]. 
Parameter Value 
Rated Shaft Input Power 2 MW 
Rated Stator Phase Voltage 398.37 V (RMS) 
Rated Stator Current 1761.6 A (RMS) 
Rated Apparent Power 2.1053 MVA 
Rated Torque 939.54 kN.M 
Rated Stator Frequency 11.25 Hz 
Number of Pole Pairs 30 
 
Table 7.1. Simulated wind turbine parameters. 
In  the simulated  system  the  rectifier  controls  the  active  power  and  the  grid-side  
inverter controls  the  DC  voltage  and  reactive  power. The  rectifier  part  of  the  back-to-
back  converter  is  used  to  control  the  speed  of  the generator,  while  the  inverter  part  is  
used  to  keep  voltage  of  the  DC  link  constant  and  to control either the reactive power 
given to the grid or the fundamental voltage of the inverter bus.  
 
 
Figure 7.2. Wind turbine continuous operation measurement time range. 
 
Two control strategies for the boost converter control have to be used [64]. The 
Maximal Power Point Tracking strategy for high wind speed operation and without it for low 
Continuous operation range 
wind speed operation. Both schemes modify duty cycle of the DC/DC converter for maximum 
energy generation with a proper control algorithm. The converter is used to change the 
apparent DC bus voltage seen by the generator. Thus by controlling the DC converter the 
terminal voltage of the PMSG is adjustable in order to maximize power production. For 
maximum power transfer in all wind speeds, the converter must be able to reduce PMSG 
terminal voltage in low wind speeds, and increase in high wind speeds. Thus, the 
recommended converter for this type of application must have boost voltage characteristics. 
The boost converter does not operate efficiently under MPPT at low wind speed conditions 
and that is why it is not used during wind turbine start-up process and until the wind speed 
reaches the turbine nominal wind speed, but works in control configuration shown on Figure 
7.3 [64-72]. After the wind speed reaches 15m/s the control strategy is switched over and 
turbine operates under Maximal Power Point Tracking control strategy, shown on Figure 7.4. 
The IEC 61400-21 standards requires the measurements to be made in such way, that 
in each wind speed interval of 1m/s width, between the cut-in wind speed and 15m/s wind 
speed measure at least five 10 minute data series. The wind speed should be measured as a 10 
minute mean value, to ensure constant wind speed conditions measurements. The simulation 
conditions allow to easily keep the required, constant wind speed for the whole measurement 
time, without any variations or fluctuations. The wind speed does not need to be measured as 
a 10 minute mean value, as it is kept constant at required level for each measurement. That is 
why the measurements can be made in shorter time window. From the time at which the 
turbine gains its nominal operation state the constant wind speed assures no unpredicted 
change in the simulation. The simulations were made in wind turbine continuous operation 
state, as shown on Figure 7.2. 
 
 
Figure 7.3. PMSG wind energy system for low wind speed operation. 
 Figure 7.4. PMSG wind energy system for high wind speed operation. 
Under the nominal operational wind speed 15m/s the turbine operates with MPPT 
scheme. As it can be seen on Figures 7.5-7.11, after the start-up the turbine gains speed for the 
first 0.5 seconds and then the MPPT scheme comes into work. It drives the generator to its 
nominal operating conditions, reaching them at 1.5 second after the start. The shutdown 
process starting at 2.5 second shuts down the MPPT scheme and then brings the turbine to 
complete stop. The wind turbine power, voltage and current at all three operating phases – 
start-up, normal operation and turn off – are shown on figures 7.5 – 7.11. 
 
Figure 7.5. Apparent power at the turbine clamps. 
 Figure 7.6. Active power at the turbine clamps. 
 
Figure 7.7. Reactive power at the turbine clamps. 
 Figure 7.8. Output voltages at the turbine clamps. 
 
 
Figure 7.9. Output voltages RMS at the turbine clamps. 
 
 Figure 7.10. Output currents at the turbine clamps. 
 
 
Figure 7.11. Output currents RMS at the turbine clamps. 
 
8. Simulation results 
8.1 Maximum measured power  
The measurement is made only during continuous operation, with wind speed and 
active power measured at the wind turbine clamps. 
 
Figure 8.1. Active power at cut-in wind speed – 3m/s. 
 
Figure 8.2. Active power at cut-in wind speed – 3m/s. 
 Figure 8.3. Active power at  6m/s wind speed. 
 
Figure 8.4. Active power at  9m/s wind speed. 
 Figure 8.5. Active power at  12m/s wind speed. 
 
Figure 8.6. Active power at  rated wind speed – 15m/s. 
 Figure 8.6. Active power at  rated wind speed – 15m/s. 
 
 
8.2 Reactive power  
The measurement is made only during continuous operation, with active and reactive 
powers measured at the wind turbine clamps. 
 
 
Figure 8.7. Reactive power at cut-in wind speed – 3m/s. 
 Figure 8.8. Reactive power at cut-in wind speed – 3m/s. 
 
Figure 8.9. Reactive power at  6m/s wind speed. 
 Figure 8.10. Reactive power at  9m/s wind speed. 
 
Figure 8.11. Reactive power at  12m/s wind speed. 
 Figure 8.12. Reactive power at  rated wind speed – 15m/s. 
 
Figure 8.12. Reactive power at  rated wind speed – 15m/s. 
 
 Figure 8.13. Active to reactive power relation assessment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
2
4
6
8
10
12
14
16
0 2 4 6 8 10 12 14 16 18 20
R
e
a
ct
iv
e
 p
o
w
e
r 
[V
a
r]
x
1
0
0
0
Active power [W] x10000
0
8.3.1 Voltage fluctuations during continuous operation  
The measurement is made during continuous operation, with three instantaneous phase 
currents and voltages to be measured on the clamps of the wind turbine. The exemplary 
figures were made for network impedance phase angle 50 degrees. 
 
Figure 8.13. Phase A voltage at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase A RMS voltage at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase A current at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase A RMS current at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase B voltage at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase B RMS voltage at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase B current at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase B RMS current at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase C voltage at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase C RMS voltage at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase C current at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase C RMS current at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase A voltage at 6m/s wind speed. 
 
Figure 8.13. Phase A RMS voltage at 6m/s wind speed. 
 Figure 8.13. Phase A current at 6m/s wind speed. 
 
 
Figure 8.13. Phase A RMS current at 6m/s wind speed. 
 
 Figure 8.13. Phase B voltage at 6m/s wind speed. 
 
Figure 8.13. Phase B RMS voltage at 6m/s wind speed. 
 Figure 8.13. Phase B current at 6m/s wind speed. 
 
Figure 8.13. Phase B RMS current at 6m/s wind speed. 
 
 
 Figure 8.13. Phase C voltage at 6m/s wind speed. 
 
Figure 8.13. Phase C RMS voltage at 6m/s wind speed. 
 Figure 8.13. Phase C current at 6m/s wind speed. 
 
Figure 8.13. Phase C RMS current at 6m/s wind speed. 
 Figure 8.13. Phase A voltage at 9m/s wind speed. 
 
Figure 8.13. Phase A RMS voltage at 9m/s wind speed. 
 Figure 8.13. Phase A current at 9m/s wind speed. 
 
Figure 8.13. Phase A RMS current at 9m/s wind speed. 
 Figure 8.13. Phase B voltage at 9m/s wind speed. 
 
Figure 8.13. Phase B RMS voltage at 9m/s wind speed. 
 Figure 8.13. Phase B current at 9m/s wind speed. 
 
Figure 8.13. Phase B RMS current at 9m/s wind speed. 
 Figure 8.13. Phase C voltage at 9m/s wind speed. 
 
Figure 8.13. Phase C RMS voltage at 9m/s wind speed. 
 Figure 8.13. Phase C current at 9m/s wind speed. 
 
Figure 8.13. Phase C RMS current at 9m/s wind speed. 
 Figure 8.13. Phase A voltage at 12m/s wind speed. 
 
Figure 8.13. Phase A RMS voltage at 12m/s wind speed. 
 Figure 8.13. Phase A current at 12m/s wind speed. 
 
Figure 8.13. Phase A RMS current at 12m/s wind speed. 
 Figure 8.13. Phase B voltage at 12m/s wind speed. 
 
Figure 8.13. Phase B RMS voltage at 12m/s wind speed. 
 Figure 8.13. Phase B current at 12m/s wind speed. 
 
Figure 8.13. Phase B RMS current at 12m/s wind speed. 
 Figure 8.13. Phase C voltage at 12m/s wind speed. 
 
Figure 8.13. Phase C RMS voltage at 12m/s wind speed. 
 Figure 8.13. Phase C current at 12m/s wind speed. 
 
Figure 8.13. Phase C RMS current at 12m/s wind speed. 
 Figure 8.13. Phase A voltage at rated wind speed –15m/s. 
 
Figure 8.13. Phase A RMS voltage at rated wind speed –15m/s. 
 Figure 8.13. Phase A current at rated wind speed –15m/s. 
 
Figure 8.13. Phase A RMS current at rated wind speed –15m/s. 
 Figure 8.13. Phase B voltage at rated wind speed –15m/s. 
 
Figure 8.13. Phase B RMS voltage at rated wind speed –15m/s. 
 Figure 8.13. Phase B current at rated wind speed –15m/s. 
 
Figure 8.13. Phase B RMS current at rated wind speed –15m/s. 
 Figure 8.13. Phase C voltage at rated wind speed –15m/s. 
 
Figure 8.13. Phase C RMS voltage at rated wind speed –15m/s. 
 Figure 8.13. Phase C current at rated wind speed –15m/s. 
 
Figure 8.13. Phase C RMS current at rated wind speed –15m/s. 
 
 
 
 
 
 
 
8.3.2 Voltage fluctuations during switching operations 
The measurement is made during switching operations, with three instantaneous phase 
currents and voltages have to be measured on the clamps of the wind turbine performed for 
time Tp, up to the time when the switching operation ends. In case of PMSG wind turbines the 
switching process is the start-up of the turbine. The simulations were made for two cases: 
start-up at cut-in and rated wind speeds. 
 
 
Figure 8.13. Phase A voltage at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase A RMS voltage at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase A current at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase A RMS current at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase B voltage at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase B RMS voltage at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase B current at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase B RMS current at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase C voltage at rated cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase C RMS voltage at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase C current at cut-in wind speed – 3m/s. 
 
Figure 8.13. Phase C RMS current at cut-in wind speed – 3m/s. 
 Figure 8.13. Phase A voltage at rated wind speed –15m/s. 
 
Figure 8.13. Phase A RMS voltage at rated wind speed –15m/s. 
 Figure 8.13. Phase A current at rated wind speed –15m/s. 
 
Figure 8.13. Phase A RMS current at rated wind speed –15m/s. 
 Figure 8.13. Phase B voltage at rated wind speed –15m/s. 
 
Figure 8.13. Phase B RMS voltage at rated wind speed –15m/s. 
 Figure 8.13. Phase B current at rated wind speed –15m/s. 
 
Figure 8.13. Phase B RMS current at rated wind speed –15m/s. 
 Figure 8.13. Phase C voltage at rated wind speed –15m/s. 
 
Figure 8.13. Phase C RMS voltage at rated wind speed –15m/s. 
 Figure 8.13. Phase C current at rated wind speed –15m/s. 
 
Figure 8.13. Phase C RMS current at rated wind speed –15m/s. 
 
 
 
 
 
 
8.4 Harmonics 
The measurement is made only for wind turbines utilizing a power electronics 
converter. The harmonic currents are measured at the wind turbine clamps. 
 
 
Figure 8.13. Output current FFT at cut-in wind speed – 3m/s. 
 
 
Figure 8.13. Output current FFT at rated wind speed – 15m/s. 
 
9. IEC61400-21 standard measurement protocol 
 
 
 
Measurements of power quality characteristics of grid connected 
Wind Turbine Generator System (WTGS) 
 
Permanent magnet synchronous generator (PMSG) based wind turbine 
 
according to IEC 61400-21 
 
 
REPORT ON RESULTS OF WIND TURBINE POWER QUALITY TESTS 
 
The reported characteristics are valid for the specific configuration of the assessed wind 
turbine only. Other configurations, including altered control parameters, that cause the wind 
turbine to behave differently with respect to power quality, require separate assessment. 
 
Name of test organization Wrocław University of Technology 
Report number 01/2011 
Wind turbine type designation PMSG Matlab Simulink Model 
Wind turbine manufacturer Cezary Szafron 
Serial number of wind turbine tested 0001 
 
The wind turbine identified above has been tested in accordance with IEC 61400-21. 
 
Author Cezary Szafron 
Inspection  
Date of issue 2011-06-16 
 
 
1. General data 
 
Wind turbine type  
(horizontal/vertical axis) 
Horizontal 
Number of blades 3 
Rotor diameter (m) 82 
Blade control pitch 
Speed control (rpm) 6 – 18 
Generator type and ratings (kW) Synchronous, 2000  
Frequency converter type IGBT 
 
 
 
2. Rated data 
 
Rated power, Pn (kW) 2000 
Rated wind speed, vn (m/s) 15 
Rated apparent power, Sn (kVA) 2000 
Rated current, In (A) 1660 
Rated voltage, Un (V) 690 
 
3. Maximum permitted power 
 
Assessed value, Pmc (kW)* 2200 
Normalised value, pmc = Pmc/Pn* 1.10 
* 30 second average value 
 
4. Maximum measured power 
 
4.1 60-second average value 
 
Measured value. P60 (kW) 2011 
Normalised value, p60 = P60/Pn 1.01 
 
4.2 0.2-second average value 
 
Measured value. P0,2 (kW) 2062 
Normalised value, p0,2 = P0,2/Pn 1.03 
 
5. Reactive power 
 
Output power (% of Pn) Output power (kW) Reactive power (kVAr) 
0 0 0 
10 200 1.3 
20 400 2.7 
30 600 4.3 
40 800 5.9 
50 1000 7.2 
60 1200 8.8 
70 1400 10.1 
80 1600 11.7 
90 1800 13.6 
100 2000 14.2 
 
Assessed reactive power at Pmc (kVAr) 15.7 
Assessed reactive power at P60 (kVAr) 14.3 
Assessed reactive power at P0.2 (kVAr) 14.8 
 
 
 
 
 
6. Voltage fluctuations 
 
6.1 Continuous operation 
 
Network impedance phase angle, Ψk (deg) 30 50 70 85 
Annual average wind speed, va (m/s) Flicker coefficient, c(Ψka, va) 
3.0 3 3 2 2 
6.0 3 3 2 2 
9.0 3 3 2 2 
12.0 3 3 2 2 
15.0 3 3 2 2 
 
6.2 Switching operations 
 
Case of switching operation Start-up at cut-in wind speed 
Max. number of switching operations, N10* 10 
Max. number of switching operations, N120* 120 
Network impedance phase angle, Ψk (deg) 30 50 70 85 
Flicker step factor, Kr (Ψk) 0.1 0.1 0.1 0.1 
Voltage change factor, Ku (Ψk) 0.2 0.1 0.1 0.0 
 
Case of switching operation Start-up at rated wind speed 
Max. number of switching operations, N10* 1 
Max. number of switching operations, N120* 12 
Network impedance phase angle, Ψk (deg) 30 50 70 85 
Flicker step factor, Kr (Ψk) 0.1 0.1 0.1 0.1 
Voltage change factor, Ku (Ψk) 0.9 0.7 0.3 0.1 
* Note: The maximum number of switching operations, N10 and N120 is based on the 
information obtained from the standard IEC 61400-21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 7. Harmonics 
 
Order 
Output power 
(kW) 
Harmonic order  
(% of In) Order 
Output power 
(kW) 
Harmonic order  
(% of In) 
2  < 1 27  < 1 
3  < 1 28  < 1 
4  < 1 29  < 1 
5 170 2 30  < 1 
6  < 1 31  < 1 
7  < 1 32 2000 31 
8 170 2 33  < 1 
9  < 1 34  < 1 
10  < 1 35  < 1 
11 170 2 36 2000 30 
12  < 1 37  < 1 
13  < 1 38  < 1 
14 2000 2 39  < 1 
15  < 1 40  < 1 
16  < 1 41 170 2 
17 170 4 42  < 1 
18  < 1 43  < 1 
19  < 1 44  < 1 
20  < 1 45  < 1 
21  < 1 46  < 1 
22  < 1 47  < 1 
23  < 1 48  < 1 
24  < 1 49  < 1 
25  < 1 50  < 1 
26  < 1    
 
Maximum total harmonic current distortion THD (% of In) 31 
Output power at maximum total harmonic current distortion (kW) 2000 
 
 10. Simulated wind turbine power quality assessment 
The wind turbine works as at nominal operating conditions above wind speed 15m/s 
and up to the cut-out wind speed. This is a operation typical fixed speed wind turbines, which 
normally do not run before the wind speed reaches the nominal operating speed. Then the 
rotor speed is kept at a constant value with use of blade pitch control. After reaching the cut-
out speed the turbine is switched off to avoid excessive mechanical stress or damage. 
The rated data was obtained from the measurements under nominal wind speed 
conditions. As it was assumed the turbine generates 2000kW of power, giving rated phase-to-
phase voltage at 690V level and 1660 A of current. The maximum permitted power is 
assumed to be 1.1 of rated power – 2200kW. 
The maximum measured power levels – as 60 second mean and 0.2 second mean were 
measured at levels 2011kW and 2062kW, being 1.01 and 1.03 of rated wind turbine power.s i 
The reactive power assessment is only a theoretical determination, according to the 
IEC 61400-21 standard conditions. Since the turbine is operating as a fixed speed type it will 
not operate at different active power outputs, as it is required for standard’s power quality 
assessment. Its operation is divided into two regions – when operating under MPPT algorithm 
and without it. When working under wind speeds below 15m/s its generator control strategy 
does not employ the MPPT control scheme. This way it generates at this state only a fraction 
of its possible output power – roughly about 200kW. If there is no such need this turbine 
should not operate and supply the power to the grid if the wind speed does not exceed its rated 
wind speed. Then it can supply all the rated power, 2000kW, up to the point when the wind 
speed exceeds its cut-out wind speed. The output reactive power then should be taken into 
consideration only for the output active power level equal to 100% of the active power output. 
At this state the reactive power is equal to 14.2kVAr. 
The voltage fluctuations did not show extensive flicker values brought into the grid by 
the turbine. During continuous operation the flicker coefficients under different network 
impedance phase angles c(Ψka, va) do not exceed the value of 3. The maximum number of 
switching operations, N10 and N120 had to be based on the information obtained from the 
standard IEC 61400-21, while the information on their value was not able to be get form the 
turbine manufacturer. The flicker step factor Kr (Ψk) and voltage change factor Ku (Ψk) keep their 
values at level typical for wind turbines. 
The harmonics measurement was made for two states in which the turbine operates: 
below the rated operating wind speed and at the rated wind speed conditions. These are the 
two states covering all possible output powers which the turbine can get, because of MPPT 
algorithm application. The turbine electrical system would require a system lowering the even 
harmonics, in particular the 32th and 36th, which bring the largest current distortion/ 
The simulated wind turbine fulfils all the requirements for a grid connected wind 
turbine mentioned in the IEC 61400 standard. This ensures that after the connection of this 
unit the grid electrical parameters will be in the required ranges. 
11. Conclusions 
 
From the electrical point of view the wind turbines may be divided into two main 
groups: operating at fixed speed and variable speed. Both groups of turbines have their 
advantages and disadvantages in respect to interaction with the electrical grid and the power 
quality. Wind turbines are not sources of stable and constant power, being largely dependent 
on the natural variations in the wind speed over time. The uneven power production is a 
feature of all types of wind turbines. The wind turbine blade enters the tower shadow each 
time it passes the tower. In case of fixed speed wind turbines the tower shadow and the wind 
speed gradients will result in power fluctuations. The variable power production and power 
fluctuations further cause the voltage variations.  
The power fluctuations of the wind turbines may cause flicker disturbances in the grid 
to which they are connected. The slow variations in the voltage level caused by the wind 
turbines uneven power production can be calculated by means of load flow calculations. In 
order to estimate the possible impact on flicker, measurements together with subsequent 
flicker calculations have to be performed. 
Fixed speed wind turbines do not produce any harmonics, apart from possible 
situations when oscillations between the grid impedance and the wind turbine system shunt 
capacitor banks occur. Such situation can take place during power factor correction. The 
situation is exactly the opposite when it comes to variable speed wind turbines. Depending on 
the type of inverter which is used in their electrical system different orders of harmonics are 
produced during their operation. 
Transients seem to be a significant problem in wind energy conversion systems. They 
occur mainly during wind turbines start-up and stopping, causing a large inrush current and 
thereby a voltage dip. To minimize its effect the wind turbines are equipped with a soft 
starter. Also during the shunt capacitor bank switching on a current peak occurs, which can 
substantially affect the voltage on the low voltage side of the transformer. 
The frequency of an autonomous grid is normally not as stable, as that of a large utility 
grid. In an autonomous grid supplied by a mix of wind turbines, batteries and diesel engines 
the spinning reserve is very limited. This causes frequency fluctuations during fast load 
changes occurrence. Wind energy systems introduced in an autonomous grid are not a stable 
frequency source. A sudden wind blow or wind drop affects the power balance, resulting with 
frequency variations. One of the possible remedies for this is the usage of sophisticated 
variable speed wind turbines, which can eliminate this problem and improve the frequency 
balance. 
Wind turbine types are a potential source of power quality problems.  
The IEC 61400-21 standard provides information and tools for prediction of interaction 
between the wind turbines systems and the grid. Together with extensive wind energy systems 
technology knowledge it gives recommendations for suitable task oriented turbine selection 
and flawless cooperation with the grid to which they are connected. 
 
